Electrode configuration is an important issue in the continuous measurement of respiration using impedance pneumography (IP). The robust configuration is usually confirmed by comparing the amplitude of the IP signals acquired with different electrode configurations, while the relative change in waveform and the effects of body posture and respiratory pattern are ignored. In this study, the IP signals and respiratory volume are simultaneously acquired from 8 healthy subjects in supine, left lying, right lying and prone postures, and the subjects are asked to perform four respiratory patterns including free breathing, thoracic breathing, abdominal breathing and apnea. The IP signals are acquired with four different chest electrode configurations, and the volume are measured using pneumotachograph (PNT). Differences in correlation and absolute deviation between the IP-derived and PNT-derived respiratory volume are assessed. The influences of noise, respiratory pattern and body posture on the IP signals of different configurations have significant difference (p < 0.05). The robust electrode configuration is found on the axillary midline, which is suitable for long term respiration monitoring.
INTRODUCTION
Noninvasive bioelectrical impedance measurement has been widely implemented for long-term monitoring of thoracic impedance. Impedance pneumography (IP) signals can be used to assess respiration variables such as tidal volume and respiration rate [1] [2] . The IP signal is usually acquired through electrodes placed on the thorax, and different electrode configurations show significant difference in amplitude and waveform [3] . Previous studies sought the robust configuration based on the amplitude of the IP signals acquired from different electrode configurations, while the relative change in waveform and the effects of body posture and respiratory pattern are ignored [3] [4] . Respiratory volume has important applications on detecting asthma, chronic obstructive pulmonary disease, cystic fibrosis, and airway obstruction disease through the analysis of various respiratory parameters [5] [6] [7] [8] [9] [10] , and it is usually measured in clinic using a pneumotachograph (PNT) or a respiratory flow meter, but these devices may increase mechanical impedance and psychological load, which may affect subjects' normal respiratory pattern. At the same time, they are not suitable for long-term monitoring due to respiratory dead space [9] . Bioelectrical impedance measurement could effectively avoid these problems and enable long-term monitoring in clinic or daily life.
Since all the measurements are performed through the electrode system, a robust electrode configuration is essential for accurate respiratory volume measurement. However, insufficient attention has been devoted to the electrode configuration [11] [12] . Lanat et al. applied a wearable impedance measurement system, called wealthy shirt, to acquire the IP signal through electrodes on the left and right sides of nipples, and was compared with the respiratory signals separately acquired with flow meter, inductive plethysmography, piezoresistive textile sensors and piezoelectric sensors. The results indicated that respiratory rate could be detected well from the IP signal, but the signal was susceptible to motion artifacts [13] . Lahtinen et al. demonstrated that the IP signals acquired from running subjects with different electrode configurations were affected differently by noise, and the configuration with the least motion artifact interference varied with different depth of breathing and respiratory patterns [14] . Koivumäki et al. extracted the IP and impedance cardiography (ICG) signals from thoracic impedance signals, and the measuring electrodes were placed on the left and right thoracic axillary midline. The IP and ICG signals were separately compared with PNT and electrocardiograph (ECG) signals, and the results indicated that respiratory rate, heart rate and time interval between the IP and ICG signals could be derived from the impedance signals [15] .
Several studies have documented relationship between the respiratory movements of thorax and the airflow signals. Carry et al. compared the respiratory inductive plethysmography (RIP) signal with the PNT signal and concluded that the RIP signal seemed to represent the respiratory waveform reasonably well with subjects breathing against a resistive load [16] . Eberhard et al. documented consistency between the airflow and RIP signals in three different postures (seated, lateral and dorsal supine) while the subjects were in controlled resistive loaded conditions [17] . Seppä et al. discussed five different electrode configurations distributed over thorax for continuous long-term measurement of tidal breathing in mobile subjects, and the results showed that the agreement in the respiratory flow signals derived from the IP and PNT signals were excellent and the waveform of the PNT-derived respiratory volume was very similar to that derived from IP signals, and the main source of error in the IP signals was the cardiogenic distortion [18] . All the above-mentioned researchers have studied the application of impedance pneumography to the measurement of respiration, but different electrode configurations are used in their experiments.
The purpose of this study is to validate a robust electrode configuration suitable for long-term bioimpedance measurement of respiration based on relative and absolute waveform similarity between the IP-derived and PNT-derived respiratory volume. In
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A Robust Electrode Configuration for Bioimpedance Measurement of Respiration addition, the effects of noise, respiratory pattern and body posture on IP signal are addressed.
MATERIALS AND METHODS

Test Subjects and Measurement System
Eight healthy male students volunteered as study subjects. They ranged in age from 22 to 26 years old, in body mass index from 19 to 30 kg/m 2 , and in chest size from 80-115 cm. None of them suffer from any respiratory disease. They did not receive any remuneration or other benefits for participating, and each participant gave written informed consent. The study was approved by the ethics committee of the sixth affiliated hospital of Sun Yat-sen university. The IP signal is acquired with the sample frequency of 100 Hz through an impedance meter (E4980A, Agilent, USA) which could provide current with 0-2 mA in amplitude and 0-2 MHz in frequency, and the resolution of the impedance meter is 0.0001 W when the measured impedance is smaller than 100 W. The amplitude and frequency of the stimulus current used in this experiment are 500 μA and 50k Hz [13] . The single impedance measurement channel is converted to four channels through a custom-made multi-way switch converter. The switch converter is composed of a micro controller unit (MCU) and a digital controlled analog switch, and the analog switch is controlled by the MCU with 5μs switching time. Common ECG electrodes with 1.5 cm in diameter (Ag/Agcl electrodes, Shanghai Jun Kang Medical Equipment Company, China) are used to supply the stimulus current and detect any voltage change. The measured impedance values are transmitted through the general purpose interface bus (GPIB) to a computer for display and storage.
The PNT signal is measured using a respiratory flow meter (TSD117, Biopac, USA) with the sample frequecny of 100 Hz. The data are amplified, filtered and then transmitted through the network interface to the computer for further processing. The respiratory flow meter is calibrated using a 3.00 L calibration cylinder. When the error of the volume values exceed ± 1%, the system is recalibrated. All the measurement devices are controlled by a synchronization control signal from the computer, and the block diagram of the measurement system is shown in Figure 1 . 
Electrode Placement
In four-electrode measurement, a constant stimulus current is discharged through one pair of electrodes, and voltage reflecting changes of tissue conductivity can be detected by the other pair of electrodes [19] . The four-electrode measurement has advantages over the two-electrode method in terms of minimizing the effect of contact impedance between skin and electrodes [18] . Based on previous studies [13-15, 18, 20] , 4 typical thoracic electrode configurations are selected for acquiring the IP signals in this study. The positions of electrodes are shown in Figure 2 and Table 1 . 
Measurement Procedure
All electrodes are first affixed in the configurations, and the subjects are then instructed to wear a nose clip and lie in an appropriate test position with left or right hand holding the flow meter, as shown in Figure 2 (B). Subjects are asked to adopt four respiratory patterns: free breathing (FB), thoracic breathing (TB), abdominal breathing (AB) and apnea. The sequence is shown in Figure 3 , including FB for 2 min, TB for 2 min, FB for 1 min, AB for 2 min, FB for 1 min and apnea for 30 seconds. Each subject is instructed to change respiratory pattern following the same sequence shown in Figure 3 , while the subject lies in bed supine, left lying, right lying and prone. For TB state, the subjects are instructed to breathe normally using only the thoracic muscles and minimizing the movement of abdomen. For AB state, the subjects are asked to breathe normally using only the abdominal muscles and minimizing the movement of thorax [4] . The purpose of TB and AB is to study the effect of respiratory patterns on the IP signals acquired from different electrode configurations. The purpose of FB is mainly to regulate the breathing state. The IP signal is acquired as the noise while the subjects are in temporary apnea.
Signal Processing
The IP and PNT signals are first processed by a fourth-order band-pass Butterworth filter with a frequency band of 0.05-10 Hz, which could effectively remove baseline drift, fluctuations and high-frequency interference from the ECG and electromyography signals [18] . The processed IP signal containes some noise, such as blood flow, whose frequency spectrum overlaps with that of the respiratory signal. The noise could not be ignored due to the fact that it has a little impact on the waveform of the IP signal. To study the interference of other physiological signals on the IP signal, frequency spectrum integrals (FSI) which are the spectrum integral value of IP signal from 0.05-10 Hz, are calculated while the subjects perform FB, TB, AB and apnea in all the body postures. When the subjects are in apnea state, the IP signal mainly represents the physiological crosstalk. While the subjects are in FB, TB and AB states, the physiological crosstalk is part of the IP signal. The noise ratio (NR) between FSI of IP apnea and IP signals represents the impact of the physiological crosstalk on the IP signal, and is calculated as: [21] , and the effects of respiratory pattern and body posture are further studied using two-way ANOVA.
RESULTS
The typical processed IP, PNT and IPNT signals are shown in Figure 4 . The IP signal represents the impedance change of thorax caused by the lung ventilation, and the PNT signal reflects the respiratory airflow rate. The IP and PNT signals are out of phase, and the amplitudes of the IP signals of all the configurations are different from each other. The IPNT signal reflects the respiratory volume, and the phase and waveform of the IP signal show good consistency with the IPNT signal, which are consistent with other studies [22] .
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The Effects of Noise
The NR values of the IP signals for all body postures and respiratory patterns are shown in Figure 5 , and the results of paired t-test of all the configurations are listed in Table 2 . The NR value decreases following the order from configuration A toward D. In most of the paired comparisons, the NR values of the IP signal in electrode configuration D are significantly lower than those in configurations A, B and C (p < 0.05).
Effects of Electrode Configurations
The CI and RMSE values between the IP and IPNT signals of all the measurement samples are summarized in Figure 6 . All the data are tested for normality with Kolmogorov-Smirnov test (sig. of CI = 0.063 > 0.05, sig. of RMSE = 0.506 > 0.05), and three-way ANOVA analysis is adopted to investigate the effects of different factors (electrode configuration, respiratory pattern and body posture). In Table 3 , the results indicate that the electrode configuration is significantly related to both the CI and RMSE, and both the effects of respiratory pattern on the CI and effects of body posture on the RMSE are significant, while the effects of respiratory pattern on the RMSE and effects of body posture on the CI are not significant. Regarding the interactions of the three factors, only the interaction of respiratory pattern with body posture is significantly related to the CI. The other combinations of electrode configuration, respiratory pattern and body posture show no significant effects on RMSE or CI. 
Effects of Respiratory Pattern and Body Posture
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Tidal Volume Agreement
The relationship between TVip and TVipnt is investigated, and the results are shown in The results of Bland-Altman analysis between TVip and TVipnt is presented in Figure 9 . The mean value of difference between TVip and TVipnt increases following the order of configurations A, D, B and C, suggesting that the system bias between configurations A and D is relatively small. While the largest scattering range of configuration A indicates bad agreement between TVip and TVipnt, the smallest scattering range of configuration D indicates that TVip has the best agreement with TVipnt among all the configurations.
DISCUSSION 4.1. The Effects of Noise
The movements of thoracic muscles disappear when the subjects are in apnea, leaving blood flow as the main source of noise in all configurations [23] . The waveform distortions of the IP signal are mainly caused by noise, and the robust electrode configuration is expected to minimize the impact of noise. 
CI and RMSE
The IP and IPNT signals are in different units and have different amplitudes; Pearson correlation index is used to investigate the relative waveform difference between the IP and IPNT signals [24] [25] . The RMSE values are computed to assess the absolute waveform deviation between the calibrated IP and IPNT signals because RMSE is sensitive to measurement error in the IP signal [26] [27] . CI proves insensitive to body posture while RMSE is relatively more sensitive. Respiratory pattern, by contrast, has greater impact on CI than on RMSE. The combination of CI and RMSE assists in defining the robust electrode configuration, which are least affected by respiratory pattern and body posture. Configuration D in general yields the best CI and RMSE values between the IP and IPNT signals. In most conditions, with different respiratory patterns, the trend of CI is opposite to that of RMSE for configuration D. Only with the subjects in prone posture, RMSE and CI of configuration D have the same trend, and this might be due to calibration errors. The impedance-volume calibration parameters in these experiments are the mean of the ratios between the IPNT and IP signals at every sampling point. The method is susceptible to interference, and the posture and breathing pattern should be specified to possibly make the calibration more reliable [27] [28] .
Electrode Configuration
All the results indicate that the IP signal acquired from configuration D using four-electrode method well represents the IPNT signal and is least affected by noise. The robust configuration is different from the configurations of some studies due to different experimental protocols and evaluation parameters [29] [30] [31] . In this study, the robust electrode configuration is tested in a more comprehensive way, which not only adopts the absolute and relative evaluation parameters, but also confirms the performance in various respiratory patterns and body postures. Similar electrode locations were also tested in previous works [18, 31] [18, [33] [34] [35] may provide clearer understanding of the effect of different configurations. In the future work, more subjects, including women and the elderly, should be tested to further validate the robustness of different electrode configurations. Future studies can also focus on using finite element analysis to investigate the relationship between the distribution of electric field and the different configurations.
CONCLUSION
The results of this study provide experimental support for applying the electrodes in configuration D for long-term respiratory monitoring, where the electrodes are placed on intersections of left and right axillary midline with the fifth and seventh ribs, respectively. In such arrangement, the IP signal is least affected by noise, respiratory pattern, and body posture, and there is high agreement between the IP and IPNT signals.
